BBC RD 1§78/i 

Bt3B # 



THf aUEEN'l AWARD 
TO IMDUSTBV 



RESEARCH DEPARTMENT REPORT 



iutinatic ciloir cintrol usiii a micriprocessir 

R.P. Marsden, B.A., M.B.K.S. 



Research Department, Engineering Division 

THE BRITISH BROADCASTING CORPORATION March 1978 



BBC RD 1978/6 

UDC 778.534.2: 
621.3.049.77 



AUTOMATIC COLOUR CONTROL USING A MICROPROCESSOR 
R.P. Marsden, B.A., M.B.K.S. 



Summary 

This Report describes the principles of operation and methods of programming 
a microprocessor used to control a video colour corrector. The equipment was designed 
as part of a study of the application of microprocessors in television. The range of appli- 
cation and the problems of testing microprocessor systems are also discussed. It is con- 
cluded that a well designed system can eliminate most of the low and medium speed 
conventional logic in equipment, allowing very flexible designs to be created. Monitoring 
circuits and test programs that are adequate for most test purposes can be built-in. 
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AUTOMATIC COLOUR CONTROL USING A MICROPROCESSOR 
R.P. Marsden, B.A., M.B.K.S. 



1. Introduction 

A microprocessor is tlie central processing unit for a 
small computer, contained in one integrated circuit. The 
circuit complexity achieved is high; about 5000 transistors 
are deposited in an area of about 20 mm^. To make a 
complete computer the microprocessor must be combined 
with other special integrated circuits, some of which are 
almost as complex as the microprocessor itself. The 
resulting 'microcomputer' can be housed with a limited but 
useful amount of memory on a single printed circuit 
board. 

Since their introduction in 1972 microprocessors 
have been used in a wide range of applications. These 
include desk calculators, telephone exchanges and con- 
trollers for industrial and domestic equipment. Their size 
and cost allows them to be used where a full-sized computer 
or even a minicomputer would be considered impractical. 

Like an ordinary computer, a microcomputer works 
from a program stored in its memory. Once designed, it 
can be used for many different purposes by changing the 
program and, because it is so general in application, it can 
be mass-produced to offset its cost of development. 

The ability to program a microprocessor offers other 
advantages: 

(i) Modifications can be made simply by rewriting 

the relevant parts of the program, whereas to make the 
same changes to a discrete logic array, the array would 
have to be rewired or even completely replaced. All that 
is necessary with a microprocessor system is to change the 
memory storing the affected segments of program. 

(ii) In conventional logic design, functions are some- 

times omitted because they involve too many extra circuits. 
By contrast, a single memory circuit can hold several hun- 
dred instructions and, rather than omit functions, it is often 
possible to add new operations to extend the performance 
of the equipment. 

The number of bits handled at each operation, 
usually 4, 8 or 16 bits, is small by computer standards but 
is adequate for many applications. If more accuracy is 
required, words containing more bits can be split into 
manageable pieces to be dealt with in a series of operations. 

The fundamental limitation of the performance of 
any microprocessor is its speed of operation. A micro- 
processor is usually housed in a single package, restricting 
its power dissipation and therefore the speed at which its 
internal circuits may operate. The typical instruction time 
of a present-day device is about 3—10 jis, and only two 
microprocessors are currently available that are significantly 
faster than this. One, with an instruction time of 350 ns. 



consists of a number of integrated circuits and is very 
expensive; the other, recently introduced, with an instruc- 
tion time of 250 ns, uses bipolar logic in a larger package 
to dissipate the higher power. 

It was realised from the start that microprocessors 
are too slow for direct processing of digital video signals, 
and that they were likely to remain so for some time to 
come. Broadcast quality video signals are usually digitised 
to 8-bit resolution at a sampling rate in the range 8—18 
MHz. For direct processing, therefore, about 55—125 ns 
is available to process each sample. Even allowing only 
ten instructions per sample, which restricts the range of 
possible operations considerably, the fastest microprocessor 
is many times too slow. The application of micro- 
processors in television equipment is therefore limited to 
slower functions, such as monitoring and control. In the 
video colour corrector the microprocessor monitors and 
controls analogue circuits that measure and process the 
video signal. 

Because a microprocessor is very highly integrated, 
many of its operations are completely internal. As a 
result extremely subtle faults can arise that are almost 
impossible to trace with conventional test equipment. The 
test procedures and self-contained monitoring aids that 
were devised for the video colour corrector are described 
in Section 2.5. 



2. The video colour corrector 

When film is transmitted by television it is usually 
necessary to make colour and brightness corrections at each 
change of shot. These corrections are necessary to reduce 
the effects of varying lighting conditions, exposure errors, 
variations in film processing and ageing. Usually these 
corrections are small and can be made manually using 
equipment such as Tarif. 

For film that is difficult to correct manually, because 
it has large errors or frequent shot changes, an automatic 
Tarif has been developed. This makes rapid frame-by- 
frame corrections of lift, colour balance and gain, accord- 
ing to a set of pre-determined rules. The corrections are 
not as accurate as those that can be achieved by a trained 
operator, but they are made at such a speed that they are 
not noticed by the viewer. The operator then makes any 
further adjustments that are still necessary. 

Automatic Tarif itself has no provision for manual 
operation, so manual Tarif must also be used to trim the 
automatic settings. The microprocessor based colour 
corrector combines the manual trim settings with the 
measurements for automatic correction to control colour 
and brightness in a single operation. 
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2.1. Rules for automatic correction 

Fig. 1 is a block diagram of tlie basic automatic 
colour corrector. It operates on colour-separation signals, 
and corrections are applied with amplifiers wliose gains and 
offsets can be varied by externally applied voltages. The 
basic rules for automatic correction are: adjust the offsets 
of the amplifiers until the most negative (blackest) parts of 
the colour separation signals reach a pre-determined black 
level - nominally 5% of white level; adjust gains so that 
the means of the signals are equal (integration-to-grey); 
adjust master gain so that the most positive of the peaks 
of the three waveforms just reaches white level. To pre- 
vent saturated colours being mistaken for colour casts, 
complete integration to grey is inhibited when pictures 
contain large highly saturated areas. 



Manual control is by two joysticks, each of which 
controls three potentiometers responding to lateral, for- 
ward-backward and rotational movements. The left-hand 
joystick controls lift, the right-hand joystick, gain. The 
rotational outputs are used for master control of lift and 
gain; the positions of the other four potentiometers 
determine colour correction. Fig. 3 shows the relationship 
between the colour axes and the position of each joystick, 
and from this diagram a matrix was calculated to derive 
the colour-control signals. 

Let x and y be the outputs of the lateral and longi- 
tudinal potentiometers; x and y are both arranged to be 
zero when the joystick is centred as this corresponds to 
'no correction'. Let r, g and b be measures of the intended 
changes in red, green and blue gain or lift. 



When all the rules are invoked the operation of the 
automatic corrector is as follows. The input video signals 
are clamped to establish a reference level, and their maxima, 
means, and minima are measured, field by field. Pulses, 
about 40 us long, are added to the signals, in the field 
blanking interval, with amplitudes equal to these measured 
levels. First, the offsets of the video amplifiers are adjusted 
until the pulses representing minimum levels reach black 
level, gains are then adjusted to make the mean levels 
equal and, finally, master gain is adjusted until the highest 
of the maximum pulses reaches white level. This sequence 
is repeated to remove second order errors that remain 
because the adjustments are slightly inter-dependent. The 
pulses are removed by blanking in a following stage. 

To prevent momentary drops in gain when scenes 
contain flashing lights or intermittent specular reflections, 
a high-pass-filtered version of the measured input peak level 
can be added to the white reference. The output peak 
level therefore follows the input peak level through sudden 
changes, returning to white level when the input is sub- 
stantially constant. 



Then, from Fig. 3: 



r 




0-866 


-0-5 


g 


= 





1 


b 




-0-866 


-0-5 



(1) 



Colour-balance correction was designed to be approxi- 
mately luminance compensated; that is, increasing the 
gain of one colour separation signal causes the gains of the 
other two to be reduced to offset the increase in luminance. 
This was achieved by modifying the matrix above for the 
right-hand joystick, i.e. the joystick controlling gain. Deri- 
vation of the modified matrix is given in the Appendix. 
Luminance compensation makes the controls easier to 
operate, by separating colour-balance changes from bright- 
ness changes. To avoid non-linear terms in the matrix, it 
was designed to be accurate only for small changes and 
only about a neutral balance. For a control intended for 
operational convenience only, this is sufficient, and a more 
complicated function would not be justified. 



Optionally, for colour-only correction in lowlights, 
the black levels can be equated, not to the reference but to 
whichever black level is lowest. This is arranged by re- 
placing the black reference by the lowest detected minimum 
level. 

To disable black-level or overall-gain correction, 
pulses with amplitudes equal to the corresponding reference 
are substituted for the measured pulses; to disable colour 
correction, three equal pulses are substituted for the red, 
green and blue mean-level pulses. 

2.2. Combining manual and automatic correction 

In the microprocessor-controlled corrector, manual 
trim is applied by modifying the amplitudes of the inserted 
pulses according to the manual control inputs. The 'lift' 
control signals are added to the black-pulse levels; the 
'mean' pulses are scaled by the separate colour-gain signals 
and the 'peak' pulses are scaled by a combination of the 
colour- and master-gain signals. 



2.3. Choice of microprocessor 

The microprocessor chosen was the Intel 8080. This 
is an 8-bit device with a shortest instruction time of 2 us, 
although faster versions are now available. It was chosen 
for the following reasons: 

(1) Sufficiently accurate (8 bits) for the control functions 
that were to be used. 

(2) Sufficient speed for the intended operations. 

(3) Well supported by a range of associated devices, 
including peripheral interfaces and interrupt control- 
lers. 

(4) Good software support. 

(5) Becoming an industry standard and being made by 
several manufacturers. 
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The main features of the 8080 are: 



1 ) 78 basic forms of instruction. 



2) 6 general purpose registers and an accumulator. 

3) Single and double-precision arithmetic. 

4) Up to 65,536 memory locations, 256 input ports and 
256 output ports can be directly addressed. 

5) Almost unlimited subroutine nesting. 

6) Simple arrangements for external signals to interrupt 
and re-direct execution of the program ('vectored 
interrupts'). 



the active-picture period, and the pulse amplitudes must 
then be calculated and the pulses inserted before the end of 
field blanking. In practice, the measurements are available 
slightly earlier, because the top and bottom 6-5% of the 
picture are not measured, to avoid splice marks. This 
increases the time between the measurements ending and 
the insertion of the first pulse from about 1 ms to 2 ms. 
Nevertheless, the instructions to compute the pulse ampli- 
tudes had to be written carefully to fit into this time. 

The mode of correction is set on eight single-pole 
on-off switches so that it can be read as a single eight bit 
word. The microprocessor then reads the manual trim 
settings and signal measurements that it needs, and com- 
putes the pulse amplitudes and reference levels that it must 
insert. 



To avoid designing an entire microcomputer, a kit 
was bought containing the components and a printed 
circuit board for a basic system. The controller was built 
around this kit, which required only minor modifications. 

2.4. Designing the colour-corrector controller 

Fig. 2 is a block diagram of the automatic corrector 
as adapted for microprocessor control. 

Analogue-to-digital converters (ADC's) convert the 
analogue signal measurements and the joystick positions to 
8-bit digital words. For economy, the voltages represent- 
ing the joystick positions are multiplexed into a single 
ADC, and three ADC's are used for the nine signal measure- 
ments. The manual settings can be read at any time, but 
the signal measurements are not completed until the end of 

forward 
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Fig. 3 - Relationship between joysticl< movements and 
colour axes 



The three ADC's that convert the video signal 
measurements are triggered by the control program at the 
end of each measured field. The outputs of the black 
level detectors are converted first, and the results are 
stored in memory so that they are available at any time. 
The mean and peak levels are then converted and stored 
automatically, without further instructions being necessary. 
The manual trim settings are converted and stored during 
the active field period. 

Two eight-bit digital-to-analogue converters (DAC's) 
are used in each channel to insert the pulses. One inserts 
the mean and peak pulses, the other, with its output 
attenuated, the minimum pulse. (With eight-bit represen- 
tation there are insufficient quantizing levels to insert the 
minimum pulse accurately and also to cover the total range 
of pulse amplitudes.) The contents of the first DAC must 
therefore be changed after each adjustment of master or 
colour gain. 

A flow chart of the program is shown in Fig. 4. Its 
execution is synchronised to television field rate by two 
waveforms; the first indicates the end of the measured 
field period, and the second, the timing of the inserted 
pulses. Synchronisation is achieved by program loops 
which are broken when the appropriate pulse changes state. 

The program, about 500 instructions long, was 
written in Intel 8080 assembly language. The potential 
of a higher-level language would not have been fully 
realised because the program structure was relatively 
simple, the program being divisible into several distinct 
parts. Also, certain operations had to be specified very 
carefully because the time available for their execution was 
limited. 

2.5. Testing and alignment 

The control program was assembled and checked 
using a cross-assembler and simulator held by a computer 
bureau. A series of simulations was devised to test all 
possible types of input conditions. As expected, errors 
were found which had not shown up in assembly. These 
were corrected and the program was re-assembled and 
loaded into read-only-memory. 
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Fig. 4 - Colour control program; flow chart 



It was found that there were too many interactions in 
the program to use it to test the corrector. A series of 
special test programs was therefore written, each testing 
only one part of the corrector. The microcomputer kit 
had included an exerciser program, in a one-thousand byte 
read-only-memory, and an interface for a display terminal 
and keyboard. At first, the test programs were loaded and 
run from a keyboard, using two features of the exerciser 
program. However, this meant that the programs were 
lost when power was removed because they were being 
held in volatile random-access memory. This was avoided 
by loading them permanently into a read-only-memory and 
calling them from the keyboard. They were left in store 



after testing was complete, for routine alignment and test- 
ing. 

The microcomputer was tested as thoroughly as 
possible using computer techniques because of the diffi- 
culty of testing the circuits electronically. Many of the 
operations of a microprocessor are completely internal and 
cannot be directly tested at all. For those that are external, 
it may be necessary to monitor sixteen address lines, eight 
data lines and several control lines simultaneously. Al- 
though special logic analysers can be bought for this pur- 
pose they are expensive and are not simple to operate. 
Tests by manufacturers have shown that a microprocessor 
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is less likely to fail than most other parts of a system, so a 
simple monitoring device, checking basic operation, should 
be sufficient for most purposes. 

It was decided to build a display to show the contents 
of the data bus whenever a pre-set address was accessed. 
The address would be set up on thumbwheel switches, and 
the display would consist of two hexadecimal characters, 
equivalent to one eight-bit data word. This data monitor 
was fitted permanently to the microcomputer and was in- 
valuable for testing the equipment. Its most obvious use 
was to check data being loaded into memory as the result 
of arithmetic operations inside the microprocessor. In 
practice, however, it was most often used to trace program 
execution. Advancing the thumbwheel switches through 
the program location addresses would show that the pro- 
gram was correctly stored and that it was being read 
correctly, and executed. Should the microprocessor 
become locked into an unintended program loop because, 
for example, of an external fault, the thumbwheel switches 
could quickly be stepped through the program addresses 
until signs of activity appeared. The fault could then 
usually be found with a conventional oscilloscope. 

The signal generated to capture the data for the dis- 
play was made available at a separate monitor point. This 
could be used to trigger an oscilloscope to test conventional 
circuits whose operation was dependent upon the micro- 
processor. It could also be used to indicate when and how 
frequently an instruction loop or subroutine was being 
executed. The control lines for memory and peripheral 
reading and writing were also connected to conventional 
monitor points. 



3. The design in retrospect 

Since the design of the colour corrector was started, 
many new devices have become available. The latest 
generation of microprocessors are faster, more flexibly 
organised, have larger instruction sets and simplified power 
requirements. Other functions that allow the power of the 
microprocessor to be more fully exploited are now readily 
available in integrated circuit form. A new design of colour 
corrector would of course use these developments to pro- 
duce a more compact and more efficient system. 

However, it was found that the main problem was to 
design efficient interfaces between the microcomputer and 
the remainder of the system. For example, a considerable 
number of integrated circuits were used to read the joy- 
stick positions into the microprocessor memory. Most of 
the available field period was available for this although in 
fact only about 1 ms was used. The settings of the joystick 
potentiometers were digitised in a single hybrid ramp-and- 
counter ADC which was expensive and required an analogue 
multiplexer at its input. Because of its asynchronous 
operation, it also required in effect, a buffer store to 
connect it to the microprocessor. 

A simpler, cheaper and more elegant solution would 
be to use the microprocessor to multiplex the signals and 
to perform the digital functions in the ADC. This would 



be achieved by allowing the microprocessor to feed a single 
8-bit DAC through a standard output port (essentially an 8- 
bit data latch). The DAC output would be fed, in parallel, 
to the reference inputs of six comparators; to the other 
comparator inputs would be connected the potentiometer 
wipers. The comparator outputs would be returned to the 
microprocessor through a second port. The micropro- 
cessor would generate a digital ramp by repeatedly incre- 
menting the number fed to the DAC, scanning the com- 
parator outputs after each step for the transitions indicating 
the completion of each coding. A simple 'move' instruc- 
tion would store each coded position in its correct location 
in microprocessor memory; the buffer store would no 
longer be needed. The total conversion time would be 
about 7 ms, and since the joysticks would not normally be 
moved a measurable distance in this time, sample-and-hold 
circuits would not be necessary. 

Although this technique is not novel, it could not 
have been conceived if the design of hardware and software 
were rigidly separated: the concept is a mixture of both. 
It is important, therefore, that the software should be 
written, particularly where there are input and output 
instructions, in close association with the design of the 
hardware. 

A further reorganisation of the microcomputer and 
its peripherals would have eliminated most of the circuits 
generating control pulses for the colour corrector itself. If 
a separate DAC had been provided for each inserted pulse, 
the time-consuming task of re-loading pulse amplitudes 
into the high-level DAC's would have been avoided. (An 
8-bit DAC is little more than one digital and one analogue 
integrated circuit.) This would have freed the micro- 
processor at the right time to generate the control pulses. 
A television line count could have been provided, for the 
microprocessor to interrogate at intervals. From this 
information it would have generated basic control pulses, 
locked to its own instruction rate, which would be re- 
timed externally to synchronise them to the television line 
rate. Alternatively, the 'wait' facility, which is used by 
slower memory circuits to delay the microprocessor while 
they respond, could have been used to synchronise the 
entire microprocessor. 

These changes would all simplify the corrector, and 
decrease the amount of committed design. More of the 
operation would be determined by the program, and less 
by the circuits and their interconnections and this would 
make it easier to re-program the equipment to try more 
advanced methods of colour and brightness correction. 



4. Conclusions 

Microprocessors are far too slow for direct processing 
of digital video signals. At present they are restricted to 
control and monitoring. 

A colour corrector has been built which uses a micro- 
processor to control its operation. The corrector uses 
analogue video processing circuits, and combines the 
features of existing automatic and manual equipments. In 
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designing and testing the corrector, valuable experience 
has been gained in the application of microprocessors to 
broadcast equipment. The corrector is also able to test a 
wider range of rules for automatic colour and brightness 
correction. 

The ability to program a microprocessor means that 
extremely flexible designs can be created. This is particu- 
larly true if the large range of associated integrated circuits 
that have recently become available is used to allow the 
microprocessor to take over as many functions in an equip- 
ment as possible. Changes can then be made to the opera- 
tion of the equipment without replacing large arrays of 
conventional logic. But to exploit the technology fully it is 
important that the program and the remaining circuits are 
designed together and not as two separate entities. 

Testing a microprocessor system presents new prob- 
lems because of its complexity and the fact that many of 
its operations are internal. Firstly, the programs for the 
colour corrector were tested thoroughly by computer 
simulation. Special short programs were written to test 
the interfaces between the microprocessor and the video 
circuits, and an active data monitoring circuit was built 



into the microcomputer. The monitoring circuit was 
found to be ideal for examining program execution and 
data transfers, by eliminating the need to monitor large 
numbers of waveforms simultaneously. 
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Appendix 



If R, G and B denote the red, green and blue colour 
separation signals, the luminance Y is given by: 

Y = aR+|3G + 7B (2) 

where a = 0-299, i3 = 0-587, 7=0-114. 

For constant luminance: 

adR + /3dG + 7dB = (3) 

where dR, dG and dB are the changes in the three signals. 

For a relative increase in red gain only: 

dG = dB, d(G,B) say. 

Substituting into Equation (3): 



"° P "*" 'y with equations of similar 

d(G,B) a ' form for green and blue 



(4) 



If the picture is initially neutral and the signals 
normalised (R = G = B = 1), the relative change in red gain, 
denoted by 6.R, is given by: 



1 +5R 



1 +dR 
1 +d(G,B) 



(5) 



Substituting for d(G,B) from Equation (4), 
13+7 



dR = 

and 
Or. 



a + |3 + 7 



dR 
dG 
dB 



x5R = (/3 + 7)5R since a + |3 + 7 = 1 . 



d(G,B) = --aSR 

|3 + 7 -|3 -7 

—a a + 7 —7 

-a -/3 a + 13 



(6) 
(7) 



5R 
6G 
5B 



(8) 



where 5R, 6G, 5B are the relative changes in R, G and B 
and dR, dG, dB are the actual changes in R, G and B. 

Making the approximation that 6R, 6G, and 5B are 
proportional to r, g, b, and that dR, dG and dB are pro- 
portional to compensated control signals r^,, g^,, b^,, then 
from Equations (1) and (8): 



Kx 



0-706 
-0-160 
-1-026 



-0-881 

0-620 

-0-881 



(9) 



where K is a constant of proportionality. 
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